The anoxygenic phototroph Rhodobacter sphaeroides uses 3-hydroxypropionate as a sole carbon source for growth. Previously, we showed that the gene (RSP_1434) known as acuI, which encodes a protein of the medium-chain dehydrogenase/reductase (MDR) superfamily, was involved in 3-hydroxypropionate assimilation via the reductive conversion to propionyl-coenzyme A (CoA). Based on these results, we speculated that acuI encoded acrylyl-CoA reductase. In this work, we characterize the in vitro enzyme activity of purified, recombinant AcuI using a coupled spectrophotometric assay. AcuI from R. sphaeroides catalyzes the NADPH-dependent acrylyl-CoA reduction to produce propionyl-CoA. Two other members of the MDR012 family within the MDR superfamily, the products of SPO_1914 from Ruegeria pomeroyi and yhdH from Escherichia coli, were shown to also be part of this new class of NADPH-dependent acrylyl-CoA reductases. The activities of the three enzymes were characterized by an extremely low K m for acrylyl-CoA (<3 M) and turnover numbers of 45 to 80 s ؊1 . These homodimeric enzymes were highly specific for NADPH (K m ‫؍‬ 18 to 33 M), with catalytic efficiencies of more than 10-fold higher for NADPH than for NADH. The introduction of codon-optimized SPO_1914 or yhdH into a ⌬acuI::kan mutant of R. sphaeroides on a plasmid complemented 3-hydroxypropionate-dependent growth. However, in their native hosts, SPO_1914 and yhdH are believed to function in the metabolism of substrates other than 3-hydroxypropionate, where acrylyl-CoA is an intermediate. Complementation of the ⌬acuI::kan mutant phenotype by crotonyl-CoA carboxylase/reductase from R. sphaeroides was attributed to the fact that the enzyme also uses acrylyl-CoA as a substrate.
the gene (RSP_1434) encoding a member of the medium-chain dehydrogenase/reductase (MDR) superfamily was involved in this reductive conversion as shown by mutant analysis (14) . Accordingly, we speculated that RSP_1434 might encode an NADPHdependent acrylyl-CoA reductase. RSP_1434 is also known as acuI and is cotranscribed with the gene dddL (RSP_1433) that is believed to encode a dimethylsulfoniopropionate (DMSP) lyase which catalyzes the cleavage of DMSP into acrylate and dimethylsulfide (15, 16) . DddL is proposed to be involved in the so-called cleavage pathway of DMSP metabolism, and AcuI is supposedly involved in acrylate utilization (15) ; however, its precise biochemical function was unknown.
An acuI-like gene is also found in a marine chemoheterotrophic alphaproteobacterium, Ruegeria pomeroyi DSS-3, that can grow with DMSP as a sole carbon and energy source (17) . For Rg. pomeroyi, the acuI-like gene (SPO_1914) is located immediately downstream of dmdA (SPO_1913), encoding DMSP demethylase, which is involved in the demethylation pathway of DMSP metabolism (18, 19) . Rg. pomeroyi is thought to metabolize DMSP using both the cleavage and demethylation pathways (20) . Therefore, even though SPO_1914 is clustered with a gene involved in the demethylation pathway, the product of SPO_1914 is required for the metabolism of acrylate that results as a product of the cleavage pathway (21) (see Fig. S1 in the supplemental material). A recent study by Johnston and colleagues (22) has found that Escherichia coli also possesses an acuI homolog known as yhdH (EcoGene accession number EG11315), which was postulated to function in resistance to acrylate.
The products of acuI, SPO_1914, and yhdH belong to the MDR012 family of the MDR superfamily (23) . As of the year 2010, over 400 of mostly eubacterial protein sequences comprised the MDR012 family. However, despite their prevalence, the nature of the catalytic activities of the MDR012 enzymes remains elusive.
In this paper, we present biochemical evidence demonstrating that AcuI is an NADPH-dependent acrylyl-CoA reductase. For this, AcuI from R. sphaeroides was heterologously produced, and the kinetic properties were studied using a coupled spectrophotometric assay. The product of the reaction was identified as propionyl-CoA. Furthermore, two additional members of the MDR012 family, the product of SPO_1914 from Rg. pomeroyi as well as YhdH from E. coli, were shown to be active as NADPH-dependent acrylyl-CoA reductases and exhibit properties similar to those of AcuI. While AcuI has a role in anaplerosis (i.e., replenishing tricarboxylic acid cycle intermediates) during growth with 3-hydroxypropionate by R. sphaeroides, the same role cannot be simply extrapolated to the other members of the MDR012 family. In Rg. pomeroyi, SPO_1914 is involved in DMSP metabolism (21) , while in E. coli, the physiological role of YhdH remains unknown.
MATERIALS AND METHODS
Materials. 3-Hydroxypropionate was purchased from Tokyo Chemical Industry (TCI) America (Portland, OR). Acetyl-CoA, propionyl-CoA, and crotonyl-CoA were synthesized from their anhydrides (24) . (2S)-Methylmalonyl-CoA was synthesized enzymatically using crotonyl-CoA carboxylase/reductase (25) .
Bacterial strains and growth conditions. R. sphaeroides 2.4.1 (DSMZ 158) was used. The ⌬acuI::kan LB2 mutant strain and the LB2 strain carrying the acuI-complementing plasmid pMA5-1 or the empty vector pBBRsm2MCS5 were isolated as described previously (14) . For growth studies, the cells of R. sphaeroides wild type or mutants were pregrown for 12 to 24 h phototrophically (anoxic/light) in 6-ml minimal medium containing 10 mM sodium succinate as a sole carbon source (26) . Pregrowth cultures were inoculated into anoxic stoppered screw-cap (Hungate) tubes containing 6-ml mineral medium supplemented with the appropriate carbon source and incubated under a light (3,000 lx) at 30°C. Growth was followed as the optical density at 578 nm (OD 578 ). The mutant strains were grown in the presence of 20 g ml Ϫ1 kanamycin and/or 25 g ml Ϫ1 spectinomycin, where appropriate. E. coli strains DH5␣, SM10, and Rosetta2 (DE3) were grown aerobically in Luria-Bertani (LB) broth containing the appropriate antibiotics (100 g ml Ϫ1 ampicillin, 34 g ml Ϫ1 chloramphenicol, 50 g ml Ϫ1 kanamycin, and/or 50 g ml Ϫ1 spectino-
FIG 1
Reactions of the proposed reductive pathway for 3-hydroxypropionate assimilation by Rhodobacter sphaeroides 2.4.1. Acrylyl-CoA reductase (AcuI) is encoded by RSP_1434 (shown in the box). The reactions indicated by the dotted arrows are hypothetical; however, at least part of these reactions should exist, based on the fact that the overall conversion of 3-hydroxypropionate or acrylate to propionyl-CoA can be measured in cell extracts as described previously (14) . In the case of R. sphaeroides, propionyl-CoA is assimilated via the methylmalonyl-CoA pathway and enters the citric acid cycle at succinyl-CoA. The methylmalonyl-CoA pathway consists of the following enzymes: propionyl-CoA carboxylase (alpha and beta subunits encoded by RSP_2191 and RSP_2189, respectively), ethylmalonyl-CoA/methylmalonyl-CoA epimerase (encoded by RSP_0812), and (2R)-methylmalonyl-CoA mutase (encoded by RSP_2192).
mycin). For conjugation, the cells of R. sphaeroides were grown aerobically in LB medium at 30°C in darkness. Complementation plasmids. For constitutive expression of the codon-optimized SPO_1914 from a tetA promoter derived from plasmid pRL27 (27) , the complementation plasmid pMA31-1 was constructed by replacing the insert acuI in pMA5-1 (14) with SPO_1914 from pMA28 (described below) using NdeI-BamHI restriction and subsequent ligation. For constitutive expression of the codon-optimized yhdH from the tetA promoter, the complementation plasmid pMA44-4 was constructed by replacing the insert acuI in pMA5-1 with yhdH from pMA37-4 (described below) using NdeI-HindIII restriction and subsequent ligation. For constitutive expression of ccr, the complementation plasmid pMA30-1 was constructed by replacing the insert acuI in pMA5-1 with ccr from pHD1 using NdeI-EcoRI restriction and subsequent ligation. For plasmid pHD1, the coding region for ccr was amplified from chromosomal DNA of R. sphaeroides 2.4.1 using primers 5=-CTA TAC TCA TAT GGC CCT CGA CGT GCA G-3= (NdeI site is underlined) and 5=-CGT CTA CTA AGC TTT GCG GAT CGC TCC GAT CAG G-3= (HindIII site is underlined) (annealing temperature, 59°C) and cloned into pET16b using NdeI-HindIII restriction and subsequent ligation. The complementation plasmids were mobilized to the ⌬acuI::kan LB2 strain by conjugation with E. coli SM10 carrying the plasmid.
Heterologous expression of acuI and production of the N-terminal decahistidine-tagged (His 10 -tagged) enzyme in E. coli. The coding region of acuI was amplified from the chromosomal DNA of R. sphaeroides 2.4.1 using the primers 5=-GGA GAA GCA TAT GAG AGC CGT TCT GAT AG-3= (NdeI site is underlined) and 5=-CTA CGC GTT CGG ATC CGG AGT GCA TAC-3= (BamHI site is underlined) (annealing temperature, 59°C). The product was cloned into pET16b using NdeI-BamHI restriction, resulting in the expression plasmid pMA2-1. E. coli Rosetta2 (DE3) was transformed with pMA2-1 and grown aerobically at 37°C until an OD 578 of 0.6 to 0.8 was reached. At this point, 0.4 mM isopropyl-␤-Dthiogalactopyranoside (IPTG) was added to the culture and further incubated aerobically at 30°C for 17 h. The cells were harvested by centrifugation and stored at Ϫ80°C until use.
Heterologous expression of the synthetic SPO_1914 and production of the His 10 -tagged enzyme in E. coli. SPO_1914 from Rg. pomeroyi DSS-3 was chemically synthesized with codons modified for optimal expression in R. sphaeroides 2.4.1 (see Fig. S2 in the supplemental material). For this, codons used less than 5% of the time were replaced with more frequently used codons deduced from a codon bias map of the bacterium. The synthesized SPO_1914 was cloned into pUC57 using XbaI-BamHI restriction sites (GenScript, Piscataway, NJ). A fragment containing SPO_1914 was cloned into pET16b following NdeI-BamHI restriction, resulting in the expression plasmid pMA29-1. Transformation and induction of pMA29-1 in E. coli Rosetta2 (DE3) were carried out as described for pMA2-1.
Expression of the synthetic yhdH and production of the His 10 -tagged enzyme in E. coli. The gene yhdH (EcoGene accession no. EG11315) from E. coli K-12 substrain MG1655 was chemically synthesized with codons modified for optimal expression in R. sphaeroides 2.4.1 (see Fig. S3 in the supplemental material). The synthesized yhdH was cloned into pJET1.2 by blunt-end cloning (GenScript, Piscataway, NJ). A fragment containing yhdH was cloned into pET16b following NdeIHindIII restriction, resulting in the expression plasmid pMA37-4. Transformation and induction of pMA37-4 in E. coli Rosetta2 (DE3) were performed as described for pMA2-1.
Purification of the recombinant enzymes. Harvested cells of E. coli Rosetta2 (DE3) (2 to 3 g [wet weight]) were suspended in 10 ml 20 mM Tris-Cl (pH 8.0) buffer containing 0.1 mg ml Ϫ1 DNase I and passed twice through a chilled French pressure cell at 137 MPa. Cell lysate was centrifuged at 4°C and 10,000 ϫ g for 15 min, followed by 100,000 ϫ g for 1 h. Glycerol was added to the cell extract to a final concentration of 15%.
Step 1: nickel affinity chromatography. Cell extract (9 to 12 ml) was applied to an Ni ϩ -nitrilotriacetic acid (NTA) agarose column (6.5 to 13 ml; Qiagen, Valencia, CA) equilibrated with buffer A (20 mM Tris-Cl [pH 8.0], 150 mM KCl) containing 25 mM imidazole. The column was washed with buffer A containing 25 mM imidazole (9 to 24 ml) followed by buffer A containing 70 mM imidazole (12 to 24 ml) at a flow rate of 1.0 ml min Ϫ1 . The His 10 -tagged protein was eluted in buffer A containing 250 mM imidazole (9 to 10 ml). The active fraction was applied to a PD-10 desalting column (GE Healthcare, Piscataway, NJ) equilibrated with 20 mM Tris-Cl, pH 8.0, and eluted in the same buffer. Glycerol was added to a final concentration of 10%, and the protein was concentrated using the Vivaspin 20 ultrafiltration spin column (Sartorius Stedim, Göttingen, Germany) at 3,500 ϫ g for 30 min (10°C). To the concentrated active fraction (6.5 to 9 ml), glycerol was further added to a final concentration of 20 to 30% and stored at Ϫ80°C.
Step 2: gel filtration. An aliquot (0.2 ml) of the active fraction from step 1 was applied to a Superose 12 column (Amersham Pharmacia Biotech, Piscataway, NJ) equilibrated with 50 mM 4-morpholinepropanesulfonic acid (MOPS)-KOH (pH 7.5), 150 mM KCl, and 20% glycerol and eluted at a flow rate of 0.25 ml min Ϫ1 at 4°C for 120 min. The eluate was collected in 0.5-ml fractions and used immediately for enzyme assays.
Acrylyl-CoA reductase assay. Enzyme activities were measured spectrophotometrically at 365 nm following the acrylyl-CoA-and proteindependent oxidation of NAD(P)H [ε NAD(P)H ϭ 3,400 M Ϫ1 cm Ϫ1 ] in a cuvette with a path length of 1.0 cm at 30°C. Acrylyl-CoA was synthesized in situ using recombinant 3-hydroxypropionyl-CoA synthetase from S. tokodaii (28) . The assay described below is a modification of that used by Teufel et al. (1) . The reaction mixture (0.5 ml) contained 100 mM MOPS-KOH (pH 7.0), 10 mM MgCl 2 , 3 mM ATP, 0.1 mM CoA, 20 mM acrylate, 0.04 units (at 30°C) of recombinant S. tokodaii 3-hydroxypropionyl-CoA synthetase, and 0.35 mM NADPH. The mixture was incubated for 3 min, and the reaction was started by the addition of protein. The concentrations of 3-hydroxypropionyl-CoA synthetase were adjusted to ensure that it was not rate limiting. In determining the apparent K m value for acrylylCoA or NADPH, the concentration of one substrate was varied (CoA, 0.001 to 0.1 mM; NADPH, 0.005 to 0.35 mM), while the concentration of the other substrate was kept constant (CoA, 0.1 mM; NADPH, 0.35 mM). In determining the apparent K m value for NADH, the assays were carried out in a cuvette with a path length of 0.1 cm (0.2-ml reaction mixture); the concentration of NADH was varied from 0.2 to 4 mM, while the concentration of CoA (0.1 mM) was kept constant. The following buffers (all at a 0.1 M final concentration) were used to determine the pH optimum: 4-morpholineethanesulfonic acid (MES)-KOH (pH 6.0 to 6.5), MOPS-KOH (pH 6.5 to 7.5), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)-KOH (pH 7.5 to 8.0), N,N-Bis(2-hydroxyethyl)glycine (BICINE)-KOH (pH 8.0 to 9.0), 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS)-KOH (pH 10.0). In determining the substrate specificity, chemically synthesized crotonyl-CoA (0.5 to 5 mM) was added to the reaction and 3-hydroxypropionyl-CoA was synthesized in situ by excess recombinant S. tokodaii 3-hydroxypropionyl-CoA synthetase in the assay mixture containing 3-hydroxypropionate instead of acrylate.
HPLC analysis. An optimized reaction mixture (1.5 ml) was used to monitor product formation by acrylyl-CoA reductase (AcuI) following in situ acrylyl-CoA production by recombinant S. tokodaii 3-hydroxypropionyl-CoA synthetase. The assay mixture contained 100 mM Tris-Cl (pH 8.0), 10 mM MgCl 2 , 3 mM ATP, 0.12 units (at 30°C) of recombinant S. tokodaii 3-hydoxypropionyl-CoA synthetase, and 0.1 mM CoA. Acrylyl-CoA production was started by the addition of 20 mM acrylate. An aliquot (0.2 ml) of each reaction was removed and stopped by the addition of 4 l 25% HCl at different time points (t ϭ 0 min, 1 min, and 3 min). Subsequently, 1 mM NADPH was added to the reaction mixture from which 0.2 ml was withdrawn and mixed with 4 l 25% HCl after 1 min. Acrylyl-CoA reduction was started by the addition of 0.3 g of purified recombinant AcuI, and the reaction was stopped after 1 and 4 min by transferring 0.2 ml of the reaction mixture into 4 l 25% HCl. The acidified samples were incubated on ice for 15 min, followed by centrifugation at 16,000 ϫ g for 15 min to remove precipitated proteins. CoA-thioesters were analyzed by reverse-phase high-performance liquid chromatography (HPLC) using a Luna 5u C 18 100A column (5 m, 125 by 4.0 mm; Phenomenex, Torrance, CA). The standards and samples were eluted in a 30-min gradient from 2% (vol/vol) to 15% (vol/vol) acetonitrile in 50 mM potassium phosphate buffer (pH 6.7) at a flow rate of 0.6 ml min Ϫ1 . All CoA-esters were detected at 260 nm. The retention times for standards were 12.8 min for methylmalonyl-CoA, 13.2 min for free CoA, 17 min for acetyl-CoA, 22 min for propionyl-CoA, and 25 min for crotonyl-CoA.
Protein analyses. Protein concentration was determined by the method of Bradford (29) using bovine serum albumin as the standard. Protein fractions were analyzed by sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE), and the protein bands were visualized by Coomassie brilliant blue R-250 stain. For AcuI, protein bands after PAGE were analyzed using in-gel trypsin digestion and liquid chromatography-mass spectrometry at the Mass Spectrometry and Proteomics Facility (The Ohio State University). Proteins were identified by a bioinformatic search using Mascot (Matrix Science, Boston, MA). Native molecular masses for all three recombinant proteins were determined on a Superose 12 gel filtration column calibrated with thyroglobulin (670 kDa), ␥-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B 12 (1.35 kDa) (Gel Filtration Standard; Bio-Rad Laboratories, Hercules, CA).
RESULTS
Heterologous production of His 10 -tagged acrylyl-CoA reductases. In order to test the possibility that RSP_1434 (acuI) from R. sphaeroides encodes an acrylyl-CoA reductase, a His 10 -tagged recombinant form of AcuI was heterologously produced using E. coli Rosetta2 (DE3). Cell extracts of E. coli producing AcuI showed acrylyl-CoA-dependent NADPH oxidation activity (12 mol min Ϫ1 mg Ϫ1 ; Table 1 ), which was 1,000-fold greater than that detected in the cell extract of the nontransformed E. coli Rosetta2 (DE3) cells (0.013 mol min Ϫ1 mg Ϫ1 ). This provided the first indication that AcuI indeed catalyzed the reduction of acrylylCoA. However, the activity in the cell extracts of E. coli was rapidly lost, similarly to what we observed for the overall conversion of 3-hydroxypropionate to propionyl-CoA in the cell extracts of R. sphaeroides grown with 3-hydroxypropionate (14) . To this end, the addition of at least 10% (final concentration) glycerol to the cell extracts of E. coli stabilized the activity of acrylyl-CoA reduction. When glycerol was added to the cell extracts of R. sphaeroides, the activity for the overall conversion of 3-hydroxypropionate to propionyl-CoA also remained stable. This indicated that the previously observed rapid loss of the 3-hydroxypropionate conversion activity in the cell extracts of R. sphaeroides was due to the instability of AcuI.
In purifying the recombinant AcuI from the Ni ϩ affinity column, the His 10 -tagged enzyme (expected monomeric molecular mass, 37 kDa) coeluted with another protein sized approximately at 60 kDa on SDS-PAGE gels ( Fig. 2A, lane 3) . Protein fragment analyses identified the protein band at 37 kDa as AcuI (81% sequence coverage) and that at 60 kDa as the E. coli chaperone protein GroEL (GenBank accession number AAR21888; 81% coverage). Subsequent purification by gel filtration removed GroEL, and the recombinant AcuI was Ͼ95% pure as judged by electrophoresis and Coomassie staining ( Fig. 2A, lane 4) . The active form of the purified AcuI was recovered only when gel filtration was performed in the buffer containing 20% glycerol.
Two other members of the MDR012 family, the product of SPO_1914 of Rg. pomeroyi and YhdH of E. coli, were also heterologously produced and purified to test for acrylyl-CoA reductase activity. SPO_1914 encodes a protein with 54% amino acid identity to AcuI (see Fig. S4 in the supplemental material) and is involved in DMSP metabolism by Rg. pomeroyi (21) . YhdH is known as the founding member of the MDR012 family (23) . While the activity of YhdH is yet unknown, it has been proposed to play a role in conferring resistance to acrylate (22) . The amino acid sequence of YhdH is 54% identical to that of AcuI and 53% identical to that of the product of SPO_1914, indicating that neither protein is more or less closely related to YhdH (see Fig. S4 ). Thus, the activity of YhdH cannot be inferred solely on the basis of the sequence similarity. Unlike AcuI, the product of SPO_1914 or YhdH did not coelute with GroEL from an Ni ϩ affinity column ( Fig. 2B and C) . Both products were further purified by gel filtration (Table 1) and used in kinetic studies. All of the recombinant enzymes were stable for days in storage at Ϫ80°C.
Biochemical characterization of the recombinant AcuI of R. sphaeroides. The properties of the recombinant AcuI are summarized in Table 2 . The native molecular mass as determined by gel filtration was 64 kDa, suggesting that the enzyme in its native state formed a homodimer. The specific activity of NADPH-dependent acrylyl-CoA reduction was 130 Ϯ 11 mol min Ϫ1 mg Ϫ1 , corresponding to a turnover number of 80 s Ϫ1 per subunit. In reversephase HPLC, the product of NADPH-dependent reduction of acrylyl-CoA was confirmed as propionyl-CoA (Fig. 3) . After the addition of the CoA ligase, HPLC analysis indicated two additional peaks other than the one representing acrylyl-CoA a NA, not applicable, as only an aliquot was loaded onto the gel filtration column. In all cases, 15% (final concentration) glycerol was added to the cell extract. To the Superose 12 gel filtration column, 0.2 ml of the recombinant enzyme purified from the Ni ϩ affinity chromatography was applied.
( Fig. 3C ). These two additional peaks constituted 25% of the total peak area of all three major peaks combined, and the earlier eluting compound is presumably due to adducts of acrylyl-CoA that formed as a result of a reaction between free CoA and acrylyl-CoA (30). Therefore, not all acrylyl-CoA formed by the ligase was available as a substrate for AcuI. In support of this account, we observed that for each mole of CoA added to the reaction, only 0.8 mol of NADPH was oxidized by AcuI in the coupled spectrophotometric assays. The time course HPLC profile showed that the adducts remained in the reaction mixture even after the addition of AcuI (Fig. 3E and F) . This indicated that AcuI did not catalyze the reduction of those adducts. While it is still possible that AcuI may bind to these adducts, the possible inhibitory effect appears to be negligible given the high specific activity of acrylyl-CoA reduction observed in the reactions. To test whether AcuI could catalyze the reductive carboxylation of acrylyl-CoA to form (2S)-methylmalonyl-CoA, a coupled acrylyl-CoA reduction assay was carried out in the presence of 33 mM NaHCO 3 , and the products were analyzed by HPLC. This was tested because crotonyl-CoA carboxylase/reductase, an enzyme of the MDR050 family (23) related to AcuI (the MDR012 family), has been shown to catalyze reductive carboxylation of acrylyl-CoA (25) . For AcuI, the HPLC profile of acrylyl-CoA reduction performed in the presence of NaHCO 3 showed only propionyl-CoA as the product, indicating that AcuI did not catalyze the reductive carboxylation of acrylyl-CoA (data not shown).
NADPH-dependent reduction of acrylyl-CoA by AcuI followed Michaelis-Menten kinetics with an apparent K m for acrylylCoA of 1.5 M and that for NADPH of 28 M. Although NADH could substitute NADPH, the catalytic efficiency for the holoenzyme with NADH as the electron donor (k cat /K m ϭ 0.42 M Ϫ1 s Ϫ1 ) was 14-fold lower than that with NADPH (5.7 M Ϫ1 s Ϫ1 ). NADPH-dependent reduction of crotonyl-CoA, a C 4 analog of acrylyl-CoA, was not observed. AcuI did not catalyze reduction of acrylate or dehydration/reduction of 3-hydroxypropionyl-CoA. Specific activity of acrylyl-CoA reduction was unchanged at pH 6 to 9. Overall, the results confirmed that AcuI was an acrylyl-CoA reductase. Hence, acuI was annotated to encode an acrylyl-CoA reductase, and the sequence was deposited as GenBank accession number JQ582462 in the NCBI database.
Biochemical characterization of the recombinant enzymes encoded by SPO_1914 and yhdH. The products of SPO_1914 and yhdH catalyzed NADPH-dependent reduction of acrylyl-CoA, confirming that all three enzymes of the MDR012 family examined in this study were indeed acrylyl-CoA reductase (Table 2) . For the product of SPO_1914, the turnover number (60 s Ϫ1 per subunit) was slightly lower than that observed with AcuI (80 s Ϫ1 per subunit). The turnover number of acrylyl-CoA reduction by YhdH (45 s Ϫ1 per subunit) was the slowest of the three acrylylCoA reductases and only half of that of AcuI ( Table 2) .
As was the case with AcuI, NADH could substitute for NADPH in acrylyl-CoA reduction, albeit at low catalytic efficiency. For the holoenzyme encoded by SPO_1914, the catalytic efficiency with NADH (0.1 M Ϫ1 s Ϫ1 ) was 70-fold lower than that with NADPH (6.7 M Ϫ1 s Ϫ1 ). Likewise, for the holoenzyme of YhdH, the catalytic efficiency with NADH (0.27 M Ϫ1 s Ϫ1 ) was 10-fold lower than that with NADPH (2.7 M Ϫ1 s Ϫ1 ). In contrast to AcuI, there was low but detectable activity for NADPH-dependent crotonyl-CoA reduction by the product of SPO_1914 and YhdH. In the presence of 1 mM crotonyl-CoA, the product of SPO_1914 catalyzed crotonyl-CoA reduction at 1 mol min Ϫ1 mg Ϫ1 . Given that this specific activity was 100-fold less than that of acrylyl-CoA reduction, further assays to determine the K m for crotonyl-CoA were not pursued. For YhdH, which exhibited slightly higher specific activity for crotonyl-CoA reduction than the product of SPO_1914, the kinetics of NADPHdependent crotonyl-CoA reduction were determined. The activity followed Michaelis-Menten kinetics, with the apparent K m for crotonyl-CoA of 0.8 mM and V max of 6 mol min Ϫ1 mg Ϫ1 . Thus, the catalytic efficiencies for crotonyl-CoA and acrylyl-CoA were 0.009 and 83 M Ϫ1 s Ϫ1 , respectively. This corresponds to a mere 0.01% specificity for crotonyl-CoA compared to acrylyl-CoA. Therefore, the results suggest that crotonyl-CoA reduction by the three acrylyl-CoA reductases examined in this study is likely to be physiologically insignificant.
Heterologous complementation of the acuI-null mutant by genes encoding acrylyl-CoA reductases (SPO_1914, yhdH) and crotonyl-CoA carboxylase/reductase (ccr). Previously, we demonstrated that the R. sphaeroides ⌬acuI::kan mutant was compromised for growth with 3-hydroxypropionate as a sole carbon source and hence concluded that acuI was involved in 3-hydroxypropionate assimilation by R. sphaeroides (14) . Here, we conducted a similar growth experiment, in which the R. sphaeroides ⌬acuI::kan mutant complemented with acuI, SPO_1914, yhdH, or ccr (RSP_0960) was tested for growth in minimal medium containing 3-hydroxypropionate or succinate (positive control) as a sole carbon source (Fig. 4) . This was performed to test if an alternative gene, which encodes an enzyme that can act on acrylylCoA, could complement acuI to rescue the mutant for growth with 3-hydroxypropionate. Based on the biochemical analysis of the purified recombinant proteins, it was clear that both SPO_1914 and yhdH encoded NADPH-dependent acrylyl-CoA reductases. Therefore, we hypothesized that these genes could complement acuI in vivo. For optimal expression in R. sphaeroides, both SPO_1914 and yhdH introduced into the mutant were codon optimized (see Fig. S2 and S3 in the supplemental material) and placed under the control of a constitutive promoter. The ccr gene encodes the enzyme crotonyl-CoA carboxylase/reductase and can act on acrylyl-CoA as an alternative substrate (25) . Reductive carboxylation of acrylyl-CoA by Ccr results in the product (2S)-methylmalonyl-CoA. Because methylmalonyl-CoA is an intermediate of the methylmalonyl-CoA pathway required for assimilation of propionyl-CoA (31, 32) and 3-hydroxypropionate (14), we hypothesized that ccr could also complement acuI for growth on 3-hydroxypropionate. The results showed that the doubling time of the wild-type R. sphaeroides grown on 3-hydroxypropionate was 7 h, whereas that of the ⌬acuI::kan mutant or the mutant carrying the vector pBBRsm2MCS5 was 20 to 30 h. The latter clearly indicated that acuI was involved in 3-hydroxypropionate assimilation. Doubling times of the acuI-or SPO_1914-complemented mutant grown on 3-hydroxypropionate was 7 h. This demonstrated that these genes restored the doubling time to the level comparable to that of the wild type. Doubling time of the yhdH-complemented mutant grown on 3-hydroxypropionate was 11 h. This was 4 h longer than that observed with the wild-type-, acuI-, or SPO_1914-complemented mutant. However, the yhdH-complemented mutant grew on 3-hydroxypropionate at a growth rate nearly twice as fast as that of the ⌬acuI::kan mutant, indicating that yhdH was able to replace the function of acuI to some extent. The doubling time of the ccr-complemented mutant grown on 3-hydroxypropionate was 11 h, equivalent to that observed with the yhdH-complemented mutant. Therefore, this also indicated that ccr could at least partially replace the function of acuI.
DISCUSSION

AcuI defines a new class of acrylyl-CoA reductases.
Here, we present AcuI from R. sphaeroides as the first member of the MDR012 family of enzymes for which a biochemical activity has been demonstrated. Catalytic properties of the purified recombinant products of acuI and two additional members of the MDR012 family, the products of SPO_1914 and yhdH, clearly show that these enzymes are NADPH-dependent acrylyl-CoA reductases and exhibit similar kinetic properties. The crystal structure of YhdH had been solved almost a decade ago; however, its catalytic property has remained unknown until now (33) .
Interestingly, the acrylyl-CoA reductase from crenarchaea (e.g., Sulfolobus) is also a member of the medium-chain dehydrogenase/reductase superfamily (1). However, its precise phylogenetic position based on the bioinformatic algorithm of the MDR superfamily (23) remains unidentified. While Sulfolobus acrylylCoA reductase is not a member of the MDR012 family, some of its properties do resemble those of the MDR012 family. As shown in Table 2 , the enzymes of both families use NADPH as a reductant. They are also similar in size as monomers. Based on the amino acid sequence alignment of AcuI and Sulfolobus acrylyl-CoA reductase, the N-terminal half of the two proteins shares 25% identical amino acids (14) (see Fig. S4 in the supplemental material) . On the other hand, the enzymes of the two families differ in their native composition. While Sulfolobus acrylyl-CoA reductase in its native state exists as a monomer (1), the enzymes of the MDR012 family function as homodimers. Furthermore, Sulfolobus acrylylCoA reductase appears to contain one or two Zn 2ϩ ions (1), whereas the enzymes of the MDR012 family appear to contain none (23, 33) , which is supported by the bioinformatic analysis (see Fig. S4 ).
The C-terminal acrylyl-CoA reductase domain of propionylCoA synthase from C. aurantiacus is also considered a member of the MDR superfamily (2, 14) ; however, its affiliation to a specific family within the MDR superfamily remains unclear (23) . Although a partially digested propionyl-CoA synthase lacking the C-terminal domain has been shown as catalytically active in converting 3-hydroxypropionate to acrylyl-CoA (2), the catalytic activity by the standalone C-terminal acrylyl-CoA reductase domain has yet to be evidenced. Therefore, its kinetic comparison with other acrylyl-CoA reductases is currently not feasible.
Acrylyl-CoA reductase from C. propionicum is clearly distinct from the other above-described acrylyl-CoA reductases. Clostridial acrylyl-CoA reductase is not a member of the MDR superfamily. Instead, it is a multisubunit enzyme composed of a flavin-containing propionyl-CoA dehydrogenase and electrontransferring flavoprotein components. The latter is required for shuttling electrons from NADH to the flavin of the propionylCoA dehydrogenase component (3) . Notably, acrylyl-CoA reductase activity by this clostridial enzyme complex can be measured only under anoxic conditions. This is because the NADH oxidase activity is linked to an electron-transferring flavoprotein. Under aerobic conditions, the reduced form (i.e., FADH 2 ) readily reacts with molecular oxygen and produces H 2 O 2 . The clostridial enzyme complex has also been shown to catalyze the oxidation of propionyl-CoA using the artificial electron acceptor ferrocenium hexafluorophosphate (3). This activity is likely to be associated with the propionyl-CoA dehydrogenase component of the complex, as the transfer of electrons from an acyl-CoA to an artificial electron acceptor with a positive standard redox potential is typical for acyl-CoA dehydrogenases (34) . In contrast, the enzymes of the MDR012 family or Sulfolobus acrylyl-CoA reductase would not catalyze the oxidation of propionyl-CoA. This is because these enzymes do not contain a flavin cofactor, and therefore the oxidation of propionyl-CoA would require transfer of electrons from propionyl-CoA directly onto NADP ϩ . The latter is not feasible given the difference in standard redox potential of the NADP ϩ -NADPH couple (E 0 = ϭ Ϫ0.32 V) and that of the acrylyl-CoApropionyl-CoA couple (E 0 = ϭ ϩ69 mV) (35) .
For all acrylyl-CoA reductases thus far studied, the catalytic efficiency toward crotonyl-CoA, a C 4 -analog of acrylyl-CoA, is less than 1% (Table 2) . Recently, a bona fide crotonyl-CoA reductase from the spirochete Treponema denticola has been characterized (36, 37) . The enzyme is NADH dependent and belongs to the family of trans-2-enoyl-CoA reductase, which is clearly distinct from the MDR superfamily. Some members of the trans-2-enoylCoA reductase family have been shown to act on longer-chain enoyl-CoA substrates (e.g., hexenoyl-CoA) (38) . However, for all the members of the trans-2-enoyl-CoA reductase family, the specificity toward acrylyl-CoA has, to our knowledge, not been tested and remains unknown.
A striking feature common to all acrylyl-CoA reductases is the extremely low K m values for acrylyl-CoA (Ͻ3 M) ( Table 2 ). Herrmann and colleagues (39) indicate that acrylyl-CoA is a strong electrophile and can react readily with essential biomolecules and may cause substantial damage to the cells. However, cells that rely on primary carbon and/or energy metabolism involving acrylyl-CoA as an intermediate face a steady flux of acrylyl-CoA. In the case of Sulfolobus and C. aurantiacus, acrylyl-CoA is an intermediate during autotrophic CO 2 fixation (see Fig. S1 in the supplemental material). For Clostridium, acrylyl-CoA is an intermediate in energy metabolism (i.e., fermentation) during growth with alanine (see Fig. S1 ). In principle, acrylyl-CoA reductases with an extremely low K m for acrylyl-CoA would minimize the accumulation of acrylyl-CoA in these cells.
Metabolic role of AcuI. We have previously shown that acuI is involved in 3-hydroxypropionate assimilation by R. sphaeroides (14) . This was demonstrated by in vivo growth analysis in which an acuI mutant was compromised for growth with 3-hydroxypro-pionate. Although it has been recently proposed that the role of AcuI is merely to detoxify acrylyl-CoA (22), we must emphasize that the role of AcuI is in the assimilation of 3-hydroxypropionate. This is because AcuI catalyzes the reduction of acrylyl-CoA to propionyl-CoA, which is then converted to succinyl-CoA through the reactions of the methylmalonyl-CoA pathway by propionylCoA carboxylase, methylmalonyl-CoA/ethylmalonyl-CoA epimerase, and (2R)-methylmalonyl-CoA mutase (Fig. 1) . Because succinyl-CoA is an intermediate of the tricarboxylic acid cycle, the pathway described here essentially functions as an anaplerotic pathway for R. sphaeroides growing with 3-hydroxypropionate.
In the past, much of the studies on acuI have been focused on DMSP. However, a major caveat of the studies concerning the metabolism of DMSP in R. sphaeroides is that this compound does not serve as a sole carbon source for growth by R. sphaeroides (15) . In addition, it is quite possible that dddL, which is located immediately downstream of and cotranscribed with acuI (16), may not encode a bona fide DMSP lyase. This is because the reported activity of DMSP cleavage by R. sphaeroides is extremely low (15) . This suggests that DMSP is probably not the primary substrate for catalysis by DddL. Thus, DddL may actually act on an unknown substrate whose chemical structure somewhat resembles DMSP (40) .
Metabolic role of the SPO_1914 product. Unlike R. sphaeroides, Rg. pomeroyi is capable of growing with DMSP or acrylate as a sole carbon and energy source (17) . An SPO_1914 mutant of Rg. pomeroyi was unable to grow with DMSP or acrylate (21, 22) , indicating that acrylyl-CoA reductase encoded by SPO_1914 is involved in DMSP and acrylate metabolism by Rg. pomeroyi.
The marine proteobacteria Halomonas sp. HTNK1 (22, 41) and Alcaligenes faecalis M3A (22, 42) , both of which can use DMSP as a sole carbon and energy source, have the acuI-like genes present in large gene clusters, including genes involved in DMSP metabolism. This strongly suggests that these acuI-like genes encode functional acrylyl-CoA reductases that function in DMSP metabolism.
The metabolic role of YhdH is still unknown. Based on our analysis, it is not possible to assign a metabolic role to YhdH of E. coli. Because E. coli K-12 substrain MG1655 was unable to grow aerobically in M63 minimal medium containing 3-hydroxypropionate (10 to 20 mM) or acrylate (5 to 10 mM) as a sole carbon and energy source (M. Asao, unpublished data), we deduced that YhdH had no role in the metabolism of these substrates. While many species of Enterobacteriaceae also carry yhdH, which is highly conserved among them, the gene is found in various genomic contexts with no obvious indication of its metabolic role. The proposed role of YhdH in providing acrylate tolerance remains unclear, as the fate of propionyl-CoA, the also potentially toxic product of acrylyl-CoA reduction, remains unexplained (22) .
Heterologous genes can replace acuI during growth of R. sphaeroides with 3-hydroxypropionate. As expected based on the biochemical data that demonstrated efficient acrylyl-CoA reduction, SPO_1914 from Rg. pomeroyi or yhdH from E. coli could rescue an acuI mutant of R. sphaeroides for growth with 3-hydroxypropionate. The gene ccr from R. sphaeroides could also, at least partially, restore the acuI mutant for growth with 3-hydroxypropionate. The result is likely due to the reductive carboxylation of acrylyl-CoA, a side activity of crotonyl-CoA carboxylase/reductase (Ccr) (25) . This would imply that the product (2S)-methylmalonyl-CoA is assimilated via the methylmalonyl-CoA pathway by R. sphaeroides growing with 3-hydroxypropionate. The partial rescue of the 3-hydroxypropionate phenotype of the acuI mutant by ccr is remarkable, as Ccr has an at least 300-fold-higher K m value for acrylyl-CoA than AcuI (25) ( Table 2) . Ccr has no inherent role in 3-hydroxypropionate assimilation by wild-type R. sphaeroides (14) ; however, Ccr activity was detectable in cell extracts of the noncomplemented acuI mutant during growth with 3-hydroxypropionate (unpublished results). The upregulation of Ccr, therefore, may account for the slow growth of the acuI mutant. The finding that ccr can rescue an acuI mutant for growth with 3-hydroxypropionate has significant implications in interpreting the results of in vivo complementation. For one, because ccr is required for acetate assimilation but not for 3-hydroxypropionate metabolism, it is clear that the complementation does not necessarily identify genes serving the same native physiological function or role. Two, because it was not the primary catalytic activity (crotonyl-CoA carboxylation/reduction) but the side activity of Ccr (acrylyl-CoA carboxylation/reduction) that was responsible for the complementation, it becomes clear that substrate specificity of an enzyme could be easily misidentified without further analysis. Indeed, it may actually be the case that some DMSP lyases have been misidentified based on complementation in E. coli that results in production of dimethylsulfide from DMSP (40) . Because at least some of these lyases identified in this manner are likely to act on DMSP as an alternative substrate, they might not be involved in DMSP metabolism in their native system.
